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. INTRODUCTION 

A wide column is an axial-compression member which has a width 

considerably greater than the thickness and for which the unloaded edges a r e  

free. The loaded edge is assumed 

to be simply supported; for other end conditions the effective pin-ended length, 

L , will  be used. 

efficient type of structure for many types of force transmission. 

deals only with the optimum design of wide columns made of trapezoidal 

corrugations. Optimization is interpreted to mean the achievement of a mini- 

mum weight structure for a specified strength. 

The load is applied a s  a distributed force. 

Reference 1 shows that the trapezoidal corrugation is an e 
This report 

Such a design is achieved by arranging the c ross  section so  that the 

In the case of the wide two governing modes of failure occur at the same load. 

column the two modes of failure considered are the Euler-Engesser, o r  general 

buckling of the column, and the local buckling of the panel element. 

shows the variation of the two buckling stresses a s  the panel width is varied. 

The maximum stress for the given length and area obviously occurs when the 

two buckling modes occur simultaneously. 

Figure 1 

Since this type of structure is transmitting a distributed force, it is 

This allows the 

To eliminate the magnitude of 

convenient to use parameters that a re  related to a unit  width. 

results to be applied to a Column of any width. 

loading and the length as independent parameters the structural index is used. 

This index is a measure of the loading intensity; it should therefore have the 

dimensions of a stress.  

the load per unit width, q, divided by the length, q/Le, o r  P/BLe where B is the 

total width. 

In the case of the wide column the structural index is 

The cross  section of minimum weight w a s  derived by maximizing 

the axial s t ress .  

corrugation. 

corrugation and that of the 90' square corrugation. The theory predicts that 

the optimum s t ress  for  the 60° corrugations will  be fourteen percent greater 

The optimum cross section was found to be a 60° trapezoidal 

A comparison was made between the buckling load of the 60° 
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than the optimum stress  f o r  the 90' corrugations, a t  a given structural  index.' 

The theoretical predictions were supplemented by a tes t  program. 

also run on 60° corrugations to demonstrate the validity of the theory. 

, * 

Tests were 

A practical consideration in the design of wide columns is that of 

minimum or standard commercially available sheet thicknesses. 

to know what the weight penalty will be for using standard sheet thicknesses. 

An analysis of this problem was made by Harrington (Reference 2)  and is shown 

in Appendix A. 

It is necessary 
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SYMBOLS 

2 area of column, in. 

width of column, in. 

width of corrugation panel, in. 

modulus of elasticity, psi  (lb/in. ) 

tangent of modulus, psi  
4 

moment of inertia, in. 

constant in local buckling equation = 3.  60 for 
simply supported panel 

effective length of column, in. 

2 

= applied load on column, lb. 

= load per unit width, = P / B  = lb/in. 

= thickness of sheet, in. 

= average thickness, = A/B,  in. 

= weight per unit width 

= Euler-Engesser buckling stress, psi 

= local buckling stress, psi 

= angle of corrugations, degree 

= 

= inelastic factor 
= 

r ad ius  of gyration = m A ,  in. 

tangent modulus ratio, = Et /E 
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THEORY 
* 

The two modes of failure for the corrugated wide column a r e  

the general, o r  Euler-Engesser, failure described by 

(shown in Figure 2) 

and the local buckling mode, described approximately by 

2 
CT = K 77 E(;) cc c t  

(shown in Figure 3) .  

The general buckling s t ress  can be expressed in terms of the 

s t ruc tu ra l  index, q/Le, by rearranging te rms  and noticing that 

The result is 

To apply this to the corrugation, P and t must be expressed in terms of b and t. 

For each corrugation, Figure 4, 

b3 t 2 
I = 2-sin 0 3 

A = 4bt 

p =& = 0.408 b sin e 

(5) 
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.408 b sin f3 
2t e =  ( I+ COS e )  

f 

To obtain an optimum o r  minimum weight section, the area must 

be minimized. 

Eq. (4). 

This can be accomplished by maximizing the s t ress  equation, 

The cross section that will maximize this expression wi l l  be the 

one that has a maximum p / T .  This Occurs when 

b 
t . 2 0 4  - sin 8 (1+ cos e )  = maximum. 

Setting the derivative of this expression equal to zero we have 

2 2 
COS 8 = sin - COS 0 

COS 8 = -COS 2 e 
= 60' 

opt 
8 

Thus, the optimum cross  section is achieved when 8 = 60°. 

At this value of 8 ,  Eq. (9) reduces to 

b e - = .265; 
t 

When Eq. (11) is substituted into Eq. (4), the result is 

' j3 (q/L )2'3 (b/t)2'3 0 = . 946 (qtE) e c r  
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Optimization for a given value of the index is obtained by arrang- 

ing the cross section SO that two modes of failure occur simultaneously. To 

obtain the relationship between the optimum s t ress  and the s t r u c t u r a l  index, 

substitute from Eq. (2) for  b / t  and let (see = (T = 0. This gives c r  

2 
0. 6320 

q/Le = 

or  

= 1 .26  :I8 E l l 2  (q/Le) 112 
t 0 opt. 

This is plotted in  Figure 5. 

For  the 90' corrugation, a similar analysis is performed. 

Using 8 = 900 in the equations developed, sin 8 = 1 and cos 8 = 0, 

the optimum stress is now 

The two curves (Equations 14 and 15) a r e  compared on Figure 6. 
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EXPERIMENTAL PROGRAM 

Twenty-six 60° corrugated wide columns were tested to check the 

validity of the theoretical development. 

2024-T3 bare aluminum sheet. All the columns were formed on a leaf brake 

and the corrugations were oriented along the direction of rolling of the sheet. 

Table I shows the cross  sectional dimensions of the columns. 

These columns w e r e  made from 

To provide a uniform distribution of the compressive load the ends 

of the columns were  cast into aluminum channels, using a high strength-low 

shrinkage plaster, Ultracal 30. The channels were machined to insure that 

they were flat and parallel. 

testing. 

freedom of rotation was  accomplished by placing a cylindrically machined 

section of steel on the top of the fixture.  

cal head is at the end of the column. 

of the head so that the load can be transmitted concentrically to the column. 

Screws on the side of the f i x t u r e  hold the aluminum channels in place. The 

fixture can be seen in Figure 8. 

Figure 7 shows a typical test specimen after 

A f ix ture  was designed that would insure only a pinned support. The 

The center of rotation of the cylindri- 

Two adjusting s c r e w s  control the position 

The columns were tested on a 60,000 pound Baldwin hydraulic test- 

ing machine. 

of the midpoint of the column. 

both edges of the column, but it was found that only one w a s  needed. 

umns were aligned for  concentricity by loading to two-thirds of the predicted 

failure load and noting the direction of the midpoint deflection. 

head was  then adjusted to obtain the minimal deflection. 

point was  chosen arbitrarily to keep the column elastic while it was being aligned 

The test set-up can be seen in Figure 9. 

An Ames dial indicator was used to indicate the lateral deflection 

In some tests two dial indicators were used, on 

The col- 

The cylindrical 

The two-thirds load 

The fabrication and testing methods used on the 90° corrugations 

were similar to those of the 60° corrugations except for the forming of the 

sheets. 

quate. 

90' bends on the leaf brake. 

The leaf brake used for  the 60° corrugations did not prove to be ade- 

There was insufficient clearance to make more than two successive 

For  this reason a vertical brake was employed. 
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This brake incorporates a knife-like vertical action to bend the corrugations. 

The radius of curva ture  could be varied to allow for a difference in materials 

and bending angles. The minimum radius of curvature, 1/8", which was  used 

for  the 90' corrugations, is considerably larger than the radius of curvature 

using the leaf brake. 

. 
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DISCUSSION 

The results of the twenty-six tests on the 60' corrugated columns 

a r e  tabulated in Table II. 
There is good agreement between the test data and the theory, although some 

scatter is evident. 

The comparison with the theory is shown in Figure 5. 

Difficulty w a s  encountered in obtaining concentricity. The cylindri- 

cal head of the test f i x t u r e  was  difficult to adjust evenly along the width of the 

column. 

the strength of the columns. 

ing, are affected more than the long ones. 

The local eccentricities that r e su l t  from this misalignment affect 

The short columns, having high intensity of load- 

The plaster that held the column into the channel caused another 

problem during the testing. 

column caused the plaster to separate from the aluminum. 

under load caused the column to shake and in one case, column #7A, the sepa- 

ration occurred near the buckling load and it seemed to cause a premature 

failure. 

As the load increased, the shortening of the 

This separation 

A total of twelve specimens were  used to compare the 60' to 90° 

corrugations. 

at the various structural indices t o  obtain reliability in the tes t  r e s u l t s .  

average variation from theory for  these specimens was  five percent, with a 

range from 14.6% to 0%. 

variation in the plastic range of also about 5% (for a given structural index). 

Thus, it seems evident that the difference between the two theoretical curves 

cannot be distinguished in actual application using normal testing procedures. 

Two specimens were tested for each geometrical configuration 

The 

The two theoretical curves have an average stress 

This hypothesis w a s  f u r t h e r  verified by considering an eccentricity 

which is inherent in the test procedure. 

a value of the eccentricity ratio e / L  = 0. 0025. This takes into account such 

factors as eccentric load application, initial curvature, and material imper- 

fections. 

Timoshenko (Reference 3)  suggests 

A value of e / L  = 0.005 seems to f i t  the test data well and it 
I is shown plotted on Figure 6. i 
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The 90' columns had a smaller deviation f rom the theoretical value - 
than the 60' columns. 

greater stiffness of the 90' columns. 

less sensitive to initial eccentricities. 

One factor that contributes to this smaller e r r o r  is the 

The added stiffness makes the columns 

Due to the fabrication techniques, the radius of curvature of the 

corners of the 90' corrugations w a s  larger than that of the 60' corrugations. 

The larger radius of curvature decreased the flat width, b, of the panel elements. 

The difference between the theoretical and actual flat panel widths can be seen 

i n  Figure 10. 

s t ress  of the columns. 

deflection, indicative of an Euler-Engesser column failure, before the local 

buckling occurred. 

This decrease in flat panel width increases the local buckling 

3 c' 
Most of the 90' columns had a relatively large lateral  

The relationship between weight and the structural index is shown in 

Figure 12. 

of the 60 

This relationship w a s  derived in Appendix A.  The greater efficiency 
0 corrugation is clearly shown in this figure. 
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CONCLUSIONS 

1. The theory developed accurately predicts the behavior of corrugated 

wide columns. The agreement can be seen in Figure 5 

2. The predicted variation in  optimum s t r e s s  between the 60° and 90° 

corrugated columns was not conclusively demonstrated by experiment, 

because experimental e r r o r s  and differences in fabrication caused 

some scatter. 
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APPENDIX A 

EFFECT OF STANDARD SHEET THICKNESS 
UPON COLUMN WEIGHT 

(Based on Reference 2) 

It is often the case that the optimum thickness cannot be economi- 

cally obtained whereas a standard sheet thickness wil l  be readily available. 

There are also limitations on minimum thickness. 

penalty for using a sheet thickness other than optimum should be determined. 

Therefore, the weight 

First, the weight of the column has to be expressed in terms of 

the design parameters. The average s t ress  on the column can be expressed by 

The weight per unit width is given by 

where d = density 

Substituting for 5 from Eq. (Al )  and rearranging gives an equation 

relating the dimensionally correct weight parameter and the structural index 

In the optimum column both of the instability modes occur at the 

same s t ress  and the internal s t ress  (u) is just sufficient for  equilibrium with 

the external load (4) . I 

where 

2 2 2 2 
T ‘7,E T ntE b s in  8 

A-1 



and 

In the elastic range it is possible to show the greater weight 

efficiency of the 60* corrugation by taking the ratio of the weight parameter 

(as the angle varies) to that of the 60' corrugation. i This relationship becomes 

112 tZ  
(T = K c q t  E -  

b2 cc 

I This is shown a s  the minimum weight curve on Figure 12 (after Harrington). 

The optimum s t ress  can be expressed in terms of the structural  

index by eliminating b and t from the s t ress  equations. 

by letting 

This is accomplished 

2 
= u  (3 (3 

4 
opt 

(3 cc c r  

When the expressions a r e  substituted for the s t ress  and rearranged, 

Substituting this expression for u into Eq. (A3) gives the weight 

equation a s  

This is shown plotted in Figure 11. 

This ratio can be expressed in terms of the ratio of the optimum 

thickness to the standard thickness by utilizing the relationship 

W d t  - - -  - 
2 Le Le 

A-2  



. Thus the ratio becomes 

In terms of the sheet thickness, 

This expression is shown for various values of t /t on Figure 12. s 60° 

The minimum weight point for all these curves lies on the minimum weight curve 

described by Eq. (A6). 

that will give the minimum weight can be taken from Figure 12. 

For  any ratio of available sheet thickness, the angle 
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Column 

No. 

APPENDIX B 

TABLE 1 

TEST SPECIMEN DIMENSIONS 

60' Flat Corrugations 
2024-T3 Aluminum 

t 

in. 

7 

b / t  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

TEST OF THEORY 

0.040 

0.040 

0 .040  

0.032 

0 .032  

0.020 

0.020 

0.040 

0.032 

0 .020  

b 

in. 

0.060 

0.800 

0.720 

0. 752 

0.877 

0. 700 

0.900 

0.800 

0.875 

0.700 

L 

in. 

15 

20 

i a  
23. 5 

2 7 . 4  

35  

45 

20 

27. 3 

35 

3. 0 5  

5. 31 

4. 30 

6. 04  

9. 07 

14. 2 

23.3 

5. 31 

9. 07 

14. 2 

14. 5 

19 

17 

23 

29. 6 

57 .9  

73 .9  

19 

29. 6 

57.9  

B-1 



I TABLE I1 

TEST RESULTS 

60' Flat Corrugations 
20 24- T3 Aluminum 



TABLE III 

TEST SPECIMEN DIMENSIONS - COMPA RISON 

No. 

1 la  

1 lb  

12a 

12b 

13a 

13b 

14a 

14b 

15a 

15b 

16a 

16b 

1 

1 

2 

2 

1 

1 

2 

2 

1 

1 

2 

2 

b 

.86 

- 8 6  

.77 

. 7 7  

. 87 

.87 

- 7 8  

. 7 8  

.74 

. 7 4  

. 6 8  

. 6 8  

NOTE: Al l  Values in Inches 

t 

. 032 

. 032 

. 032 

. 0 3 2  

. 040 

.040  

.040  

.040  

.040  

- 0 4 0  

.040  

.040  

L 

12. 6 

12. 6 

8. 13  

8. 13 

9. 7 6  

9. 76 

5. 91  

5. 91  

6 .  08 

6 .  08 

4. 19 

4. 19  

P = f(a, b) 

. 3 5 9  

. 3 5 9  

. 266 

.266  

. 371 

. 3 7 1  

. 2 7 5  

. 2 7 5  

.302  

.302  

. 2 4 1  

- 2 4 1  

B-3 1 
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TABLE IV 

Theore t ica l  Experiment Stress * Southwell 
(T ' q/Le 0 optm3 Var ia t ion  D i a g r a m  

q/L, opt. 
e /L b't Le'p psi x10 % 

psi x 104 
psi XIQS Type  

PSI 

l l a  90' Sq. 200 36. 1 26 .7  35. 1 194 3 6 . 5  0 0 .705  

l l b  90' Sq. 200 36. 1 26.7 35. 1 192 36 .2  -0.55 0. 834 

12a  60' Flat 200 38.2 24. 1 30.0 166 31.7 -14.6 2. 03 

12b 60' Flat 200 38.2 24. 1 30.0 174 33 .5  -10.9 1. 84  

13a  90° Sq. 400 40.5 21.7 26 .3  297 38 .8  -2. 8 1. 29 

13b 90' Sq. 400' 40 .5  21.7 26.3 285 3 7 . 7  -5 .3  2 . 3 4  

14a  60' Flat 400 44. 1 19 .4  21 .5  402 44.6 1. 6 1. 86 

14b 60' Flat 400 44.1 19 .4  21 .5  393 42 .5  -2.3 2. 13 

15a 90' Sq. 600 45.4 1 8 . 5  20. 1 524 44.2 0. 68 2.20 

16a  60' Flat 600 48. 1 17 .0  17 .4  563 44. 5 -5. 9 2 .44  

16b 60' Flat 600 48. 1 17.0 17.4 537 42 .4  -9. 2 3 .94  

4. 5 0 .891  15b 90' Sq. 600 45.4 18 .5  20.1 561 46. 7 

- 4 

. 

*Variat ion between expe r imen ta l  and theoretical stress at experimental 
q / L  va lue  

B-4  



. 

n 

APPENDIX C 

I I 0 1  I I I 0 
0 0 0 8 - 0 0 

M IC) ct 

m m w a 
E m 

p: w 
B w n 

c-1 



0 
u) 

0 In 0 
d- 

0 
M 

0 
c\I 

0 
0 

0 
a, 

0 
a0 

e 

8 

4: 

3 
Q 

3 
0 

3 
N 

3 - 

3 

OIX N1/81 '% 'SS3UlS 
€ 1  

I c-2 



1 I 
0 
Iz) * 

I I I 

0 
(\I 

0 
m 

0 0 0 - 
€ OlxZNI/B1 'SS3UlS 

c-3 



a . .  

CORRUGATION E L E M E N T  

FIGURE 4 

c-4 



I- 

* 

F w  
( D \  
6 J -  , : w  

It 0 
c c = e  

b” 

0 cn 0 
M 

0 - 
0 
0 

i-i 
E 
pc 
0 

s 01XZN1/87 ‘‘doD ‘SS3c1IS WnVUlldO 

c-5 



. 

I 1  
o a  

0 
In 0 co 0 e 

0 
0 0 0 0 - M N 

C-6  





C -8 



c-9 



Fb-i Eb-i 

THEORETICAL ACTUAL 

90° CORRUGATIONS 

THEORETICAL 

I 60° CORRUGATIONS 

ACTUAL 

EFFECT O F  RADIUS OF CURVATURE ON P A N E L  WIDTH b 

FIGURE 10 

c-10 



I40 

I20 
rr, z 

m 
J 100 

\ 

80 
a 
W 
I- : 60 a a a n 

40 I a 
W 
- 
3 

20 

200 400 600 800 

STRUCTURAL INDEX, q /L,,LB/  IN^ 

WEIGHT OF OPTIMUM CORRUGATED WIDE COLUMNS 
2024-T3 Aluminum Sheet 

60' C o r r u g a t i o n s  

FIGURE 11 

c-11 



- 
9 (9 

0 N 

w > 

0 
0) 

0 a 

0 rc 

0 
(D 

0 
ln 

0 * 

0 
M 

0 
(u 

0 - 

v) 
w 
w 
U 
(3 
w 
c3 
ma 

cn z 
0 
F: 
4 

G 
G 
0 u 

: 
tn 
tn w 

c-12 


